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An ion chromatography method with non-suppressed conductivity detection was developed for the
simultaneous determination of methylamines (methylamine, dimethylamine, trimethylamine) and
trimethylamine-N-oxide in particulate matter air samples. The analytes were well separated by means
of cation-exchange chromatography using a 3 mM nitric acid/3.5% acetonitrile (v/v) eluent solution and a
Metrosep C 2 250 (250 mm x 4 mm i.d.) separation column. The effects of the different chromatographic
parameters on the separation were also investigated. Detection limits of methylamine, dimethylamine,
trimethylamine, and trimethylamine-N-oxide were 43,46, 76 and 72 p.g/L, respectively. The relative stan-
dard deviations of the retention times were between 0.42% and 1.14% while the recoveries were between
78.8% and 88.3%. The method is suitable for determining if methylamines and trimethylamine-N-oxide
are a significant component of organic nitrogen aerosol in areas with high concentration of these species.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Organic nitrogen is ubiquitous in the environment, and yet
a poorly characterized component of atmospheric aerosol [1-3].
With growing concerns of aerosol effects on health, climate and
modification of the nitrogen cycle, it is crucial to identify sources
as well as understand the composition of atmospheric aerosol,
including the organic nitrogen component [4-6]. Previous stud-
ies of organic nitrogen in the atmosphere have concentrated on
dissolved organic nitrogen [7]. Most of these were bulk studies
where the total water soluble organic nitrogen was determined,
and compound-specific studies of organic nitrogen aerosol remain
rare [8-10]. Given the diversity of the organic nitrogen compounds,
it has been difficult to define source-and-sink budgets and describe
their atmospheric behavior. This knowledge demands both the
quantitative determination of bulk organic nitrogen aerosol and
the characterization of individual compounds.

Agricultural practices are known to input large amounts of
nitrogenous species into the atmosphere [11]. Some of these com-
pounds react using a number of pathways to form gas phase species
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as well as aerosol. Most studies have focused on the inorganic nitro-
gen chemistry, especially the contribution of ammonia in aerosol
formation, but the organic nitrogen fraction of the aerosol is impor-
tant as well. Recent work has shown that some organic species such
as aliphatic amines may be present in concentrations as high if not
greater than that of ammonia[12,13]. These species could therefore
undergo atmospheric reactions to form secondary organic nitrogen
containing aerosol.

Several researchers have detected amines in aerosols during
ambient air sampling [14-16]. Some of these studies have indi-
cated that amine cations are present in aerosols as salts formed in
secondary reactions in the atmosphere [14,15]. One ambient study
using aerosol mass spectrometry (AMS) showed significant particle
mass loadings of up to 6 wg m—3 [16]. Smog chamber reaction stud-
ies focusing on amines have also been performed to characterize
the types of amines present in aerosol products due to atmospheric
oxidation [8,16-18]. Amine-N-oxides were first hypothesized as a
potential reaction product of tertiary amines in a smog chamber
study using aerosol time-of-flight mass spectrometry (ATOFMS)
[8]. Other reports have shown that the reaction products of amines
can be a complex mixture of salt formation products and/or of sec-
ondary organic oxidation species [16]. Recent studies using the AMS
have indicated that little of the aerosol product can be accounted for
by the formation of salts [17,18]. Clearly, a separation method that
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can sort through some of these proposed reaction products would
be helpful to corroborate observations using mass spectrometry.

Trimethylamine-N-oxide (TMAO) is a natural osmolyte found in
some marine creatures such as fish [19]. When fish rots, TMAO is
enzymatically converted to TMA that gives the characteristic ‘fishy’
smell. It has been suggested that TMAO may also form in the atmo-
sphere through oxidation of trimethylamine by ozone and other
oxidants [8,16]. This reaction would be important in areas where
the mixing ratio of trimethylamine is thought to be high due to
the presence of agricultural emissions such as the central valley of
California and Cache Valley in northern Utah. There have been no
attempts to measure TMAO in atmospheric aerosol.

An efficient and simple method is necessary for the quanti-
tative determination of TMAO in air samples. Here we report a
method that can be used to detect and quantify TMAO and methy-
lamines in air samples using non-suppressed ion chromatography.
The composition of the mobile phase was optimized and effi-
cient separations between the analytes were achieved. A variety
of analytical techniques have been developed to measure biogenic
amines in food samples. For example, ion chromatography with
suppressed conductivity detection with either integrated pulsed
amperometric or conductimetric detection has been utilized to
measure amines such as putrescine, cadaverine, histamine, and
similar compounds in alcoholic beverages, fresh and processed
meats, chocolate, fish, vegetables, and fermented foods [20-25]. A
gradient elution method coupled with suppressed ion chromatog-
raphy was used to separate alkylamines, such as butylamine and
diethylamine, from alkali and alkali earth metals [26]. A study of
dimethylamine, trimethylamine and TMAO separation using non-
suppressed conductivity applied to aquatic products was recently
published [27]. To our knowledge, this study is the first application
of IC non-suppressed conductivity detection to analyze TMAO in
addition to methylamine, dimethylamine, and trimethylamine in
aerosol samples.

The main goal of this study is to develop a method to determine
whether TMAQO is a quantitatively significant component of organic
nitrogen aerosol in the atmosphere. This is done using aerosol col-
lected from smog chamber reactions of trimethylamine with ozone
and/or nitrogen oxide. The method is tested using a solution of
laboratory-generated aerosol containing a mixture of the analytes.

2. Experimental
2.1. Materials and chemicals

All the reagents used in this study were of analytical reagent
grade. Water was purified using a Milli-Q system (Millipore,
Bedford, MA, USA) to produce 18.2MS water. Methylamine
hydrochloride (98%, Sigma), dimethylamine hydrochloride (99%,
Aldrich), trimethylamine hydrochloride (98%, Aldrich), trimethyl-
amine-N-oxide dihydrate (98%, Acros), nitric acid (90%, Sigma), and
acetonitrile (99.9%, Fisher) were all used as purchased.

2.2. Chromatography

Ion chromatography was performed using a Metrohm 761 Com-
pactICinstrument with non-suppressed detection (Metrohm-Peak,
Houston, TX). The IC was equipped with a dual-piston pump, a
degas assembly, and digital conductivity detection. Analysis was
accomplished with a Metrohm-Peak Metrosep C 2 250 column
(250 mm x 4 mm i.d.) with metrosep RP guard column (with steel
mesh filters), which was chosen because of its advantage in the
analysis of amines as well as common inorganic cations with non-
suppressed conductivity detection. The optimized eluent solution
contained 3 mM nitric acid/3.5% (v/v) acetonitrile solution at a flow
rate of 1.0mL/min. Data processing was performed with IC Net

2.3 software. The samples were injected manually from a 500 L
sample loop and analyzed in 15-min increments. Separation was
carried out under isocratic conditions and at a room temperature
of approximately 20°C.

2.3. Preparation of standard and sample solutions

A mixed standard solution of methylamine (MA), dimethy-
lamine (DMA), trimethylamine (TMA), and trimethylamine-N-
oxide (TMAO) was prepared by dissolving reagent grade methy-
lamine hydrochloride, dimethylamine hydrochloride, trimethy-
lamine hydrochloride, and trimethylamine-N-oxide dihydrate in
high-purity 18.2 M2 Millipore water. The stock solution contained
6.5mg/L MA, 13 mg/L DMA, 15.5 mg/L TMA, and 20.5 mg/L TMAO.
The stock solution was stored in an HDPE container at 5°C. Stan-
dards for calibration were prepared by diluting the stock solution
with Millipore water.

Filter samples from the smog chamber were extracted into
10.00 mL of Millipore water after sonicating for 30 min. The samples
were injected into the ion chromatograph without further dilu-
tion. Sample solutions were stored in glass containers that had
been rinsed multiple times with Millipore water and refrigerated
overnight at 5°C.

3. Results and discussion
3.1. Standard separation

A straight forward, rapid method has been developed for deter-
mination of organic nitrogen in aerosols using non-suppressed ion
chromatography. A chromatogram of a standard solution of methy-
lamines and methylamine-N-oxide is shown in Fig. 1. The analytes
are well separated in less than 15 min. Separation selectivity of the
TMA and TMAO was reversed in comparison to the work done by
Li et al. due to the use of a different IC column [27].

Under optimized experimental conditions, all four analytes
showed good linearities between the concentrations and peak
height responses. The limits of detection (LOD) were based on the
calibration curves using three times the average baseline noise
(S/N=3).Results from the standard separation are listed in Table 1.

3.2. Lab sample determination

In order to illustrate an application of the developed method,
two filter samples were analyzed that were obtained from sim-
ulated atmospheric chemical reactions in a controlled smog
chamber. Trimethylamine was introduced into a smog chamber by
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Fig. 1. Separation of methylamines and methylamine-N-oxides from stan-
dard solutions. Analytes: 1-sodium, 2-ammonium, 3-methylamine (195 pg/L),
4-dimethylamine (390 ug/L), 5-trimethylamine-N-oxide (465 ug/L), and
6-trimethylamine (615 pg/L).
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Table 1
Precision and accuracy data for methylamines and trimethylamine-N-oxide.
Analyte Range (pg/L) Linearity LOD (S/N=3) Retention SD (min) RSD (%) Peak height Peak height RSD (%)
(pg/L) time (min) (nS/cm) SD (wS/cm)
Methylamine 130-390 0.9975 43 7.45 0.03 0.42 4.85 0.02 0.43
Dimethylamine 260-780 0.9999 46 9.19 0.07 0.81 3.54 0.05 1.35
Trimethylamine-N-oxide 410-1230 0.9999 72 12.00 0.08 0.73 3.87 0.05 1.32
Trimethylamine 310-930 0.9988 76 13.27 0.15 1.14 241 0.03 1.07
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Fig. 2. Chromatogram of smog chamber filter analysis from reaction of trimethylamine with ozone. Analytes: 1-sodium, 2-ammonium, 3-potassium, 4-dimethylamine
(1.72 pg/m?), 5-trimethylamine-N-oxide (0.25 pg/m?), 6-magnesium, and 7-trimethylamine (0.57 pg/m?). The inset is a magnification of the trimethylamine-N-oxide peak

(5) from the chromatogram.

passing a gentle stream of pure nitrogen gas over a known amount
of liquid trimethylamine which is swept into the smog chamber.
Addition of oxidants to the chamber (either ozone or ozone and
nitrogen oxide) then proceeded to commence aerosol formation.
The resulting aerosol was collected on Teflon filters by pumping
the aerosol produced in the smog chamber through the filters.
These filters were kept in a freezer at approximately —20 °C for two
days before they were extracted with Millipore water for analysis
with the IC non-suppressed method described above. For a detailed
description of the smog chamber set-up, refer to Carter et al.
[28].
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Figs. 2 and 3 present the spectra of smog chamber generated
aerosol samples, one using solely ozone as the oxidant (Fig. 2) while
the other used a combination of ozone and nitrogen oxide (Fig. 3).
It is well known that dark reactions between ozone and nitrogen
oxide lead to production of NO3. The aerosol generated in these
experiments has been previously shown to be chemically identi-
cal to that generated by direct oxidation of NO3 formed from the
thermal decomposition of N,Os [16]. All of the analytes present in
the smog chamber samples were detected and quantified, although
no methylamine was generated in the ozone oxidation sample
and no trimethylamine was produced in the ozone and nitro-
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Fig. 3. Chromatogram of smog chamber filter analysis from reaction of trimethylamine with ozone and nitrogen oxide. Analytes: 1-sodium, 2-ammonium, 3-methylamine
(0.10 pug/m?), 4-potassium, 5-dimethylamine (2.51 pg/m?), 6-trimethylamine-N-oxide (0.22 p.g/m?), 7-magnesium, and 8-trimethylamine (0.21 pg/m?). The inset is a mag-
nification of the trimethylamine-N-oxide peak (6) from the chromatogram.
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Table 2

Precision and accuracy data in smog chamber generated methylamine aerosol samples (n=4) and laboratory percent recovery studies (n=4).

Trimethylamine + O3

Trimethylamine + O3 + NO

Laboratory-generated aerosol

Amount found SD (ng/m3) RSD (%) Amount found SD (ng/m3) RSD (%) Measured (mg/L) Actual (mg/L) Recovery (%)
(png/m?) (ng/m?)
Methylamine <DL - - 0.10 0.001 1.35 16.10 20 80.5
Dimethylamine 1.72 0.03 1.81 2.51 0.03 135 16.92 20 84.6
Trimethylamine-N-oxide <DL - - <DL - — 52.98 60 88.3
Trimethylamine 0.57 0.05 8.36 <DL - - 47.28 60 78.8

2 <DL, less than the detection limit.

gen oxide sample (Table 2). In addition, concentrations of the
trimethylamine-N-oxide were below the detection limits in both
samples. The dimethylamine peaks in both samples have a slightly
larger tail than the standard spectra. This could be due to a small
peak amine oxidation product formed in the smog chamber that co-
elutes with the DMA. The smog chamber experiments indicate that
trimethylamine-N-oxide does not make up a significant portion of
product as it would be readily detected from the non-suppressed IC
method, under these oxidation conditions. Sodium, potassium, and
magnesium contamination from the glassware used for extraction
is evidenced in both samples and was observed in the blank filter
analyses as well. In a location such as Logan, Utah with concen-
trations of alkylamines and trimethylamine-N-oxide on the order
of several wg/m?3 in the air, the LOD using non-suppressed IC for
these compounds (between 0.022 and 0.040 p.g/m?3 in the air) is low
enough for detection. This calculation is based on the PM2.5 Federal
Reference Method of a 24 h sampling time at 16.67 liters per minute,
and takes into account the percent recovery of the amines (Table 2).

Table 2 also provides the summary of the results from lab gen-
erated aerosol samples for percent recovery studies. The samples
were obtained by atomizing a solution containing the methy-
lamines and TMAO onto pre-weighed filters then extracting the
filters with Millipore water before injection into the ion chromato-
graph. Sample recoveries, calculated by dividing recovered amine
by the actual amount of amine in the original sample, of between
78.8% and 88.3% were achieved.

4. Conclusion

A method for the simultaneous determination of methylamines
and TMAO was developed using ion-exchange chromatography
with non-suppressed detection. The method described here is sim-
ple and has low detection limits suitable for analysis of aerosols
generated in smog chamber experiments and in ambient air where
the concentration of these species is expected to be high. The smog
chamber samples indicate that only minor amounts of particulate
amines (1.5%) can be accounted for by the cation salts and amine-
N-oxides. If these observations hold true for ambient sampling, it
would indicate that particulate amines may be dominated by chem-
istry other than acid-base interactions or direct oxidation by ozone.

Acknowledgments

This project was supported by the National Science Foundation
under grants ATM-0735396, ATM-0449778, and DUE-0525574, and

the Kenneth T. and Eileen L. Norris Foundation. Mention of trade
names or commercial products in this publication is solely for
the purpose of providing specific information and does not imply
recommendation or endorsement by the U.S. Department of Agri-
culture.

References

[1] R. Westerholm, H. Li, J. Almen, Chemosphere 27 (1993) 1381.

[2] J. Leach, A. Blanch, A.C. Bianchi, Atmos. Environ. 33 (1999) 4309.

[3] R.E. Luebs, A.E. Laag, K.R. Davis, Calif. Agric. 27 (1973) 10.

[4] D.W. Dockery, C.A. Pope, X. Xu, ].D. Spengler, ].H. Ware, M.E. Fay, B.G. Ferris, F.E.
Speizer, New Engl. J. Med. 329 (1993) 1753.

[5] L Koren, J.V. Martins, L.A. Rember, H. Afargan, Science 321 (2008) 946.

[6] B.Rumburg, G.H. Mount, ]. Filipy, B. Lamb, H. Westberg, D. Yonge, R. Kincaid, K.
Johnson, Atmos. Environ. 42 (2008) 3364.

[7] K. Gorzelska, J.N. Galloway, K. Watterson, W.C. Keene, Atmos. Environ. 26A
(1992) 1005.

[8] S. Angelino, D.T. Suess, KA. Prather, Environ. Sci. Technol. 35 (2001)
3130

[9] P.V. Tan, GJ. Evans, ]. Tsai, S. Owega, M.S. Fila, O. Malpica, J.R. Brook, Environ.
Sci. Technol. 36 (2002) 3512.

[10] Q. Zhang, C. Anastasio, Environ. Sci. Technol. 37 (2003) 3522.

[11] D.N. Miller, V.H. Varel, J. Anim. Sci. 79 (2001) 2949.

[12] G.W. Schade, P.J. Crutzen, J. Atmos. Chem. 22 (1995) 319.

[13] N.E.Rabaud, S.E.Ebeler, L.L. Ashbaugh, R.G. Flocchini, Atmos. Environ. 37 (2003)
933.

[14] ]J.M. Makela, S. Yli-Koivisto, V. Hiltunen, W. Seidl, E. Sweitlicki, K. Teinila, M.
Sillanpaa, LK. Koponen, ]. Paatero, K. Rosman, K. Hameri, Tellus 53B (2001)
380.

[15] M.C. Facchini, S. Decesar, M. Rinaldi, C. Carbone, E. Finessi, M. Mircea, S. Fuzzi, F.
Moretti, E. Tagliavini, D. Ceburnis, C.D. O'Dowd, Environ. Sci. Technol. 42 (2008)
9116.

[16] P.J.Silva, M.E. Erupe, D. Price, . Elias, Q.G.J. Malloy, L. Qi, B. Warren, D.R. Cocker
III, Environ. Sci. Technol. (2008) 4689.

[17] S.M. Murphy, S. Sorooshian, J.H. Kroll, N.L. Ng, P. Chhabra, C. Tong, ].D.
Surratt, E. Knipping, R.C. Flagan, J.H. Seinfeld, Atmos. Chem. Phys. (2007)
2313.

[18] Q.G.J.Malloy, L. Qi, B. Warren, D.R. Cocker III, M.E. Erupe, P.J. Silva, Atmos. Chem.
Phys. (2009) 2051.

[19] A.D. Hatton, S.W. Gibb, Anal. Chem. 71 (1999) 4886.

[20] B.M. De Borba, J.S. Rohrer, J. Chromatogr. A 1155 (2007) 22.

[21] G. Favaro, P. Pastore, G. Saccani, S. Cavalli, Food Chem. 105 (2007) 1652.

[22] P.Pastore, G.Favaro, D.Badocco, A. Tapparo, S. Cavalli, G. Saccani, ]. Chromatogr.
A 1098 (2005) 111.

[23] R.Draisci, L. Giannetti, P. Borai, L. Lucentini, L. Palleschi, S. Cavalli,J. Chromatogr.
A 798 (1998) 109.

[24] A.L.Cinquina, A. Cali, F. Longo, L. De Santis, A. Severoni, F. Abballe, J. Chromatogr.
A 1032 (2004) 73.

[25] A. Onal, Food Chem. 103 (2007) 1475.

[26] E.H.Borai, Y.F. Lasheen, A.F. Seliman, H.F. Aly, ]. Liq. Chromatogr. Relat. Technol.
31(2008) 838.

[27] FE.Li, H. Liu, C. Xue, X. Xin, J. Xu, Y. Change, Y. Xue, L. Yin, J. Chromatogr. A 1216
(2009) 5924.

[28] W.P.L. Carter, D.R. Cocker, D.R. Fitz, L.L. Malkina, K. Bumiller, C.G. Sauer, ].T.
Pisano, C. Bufalino, C. Song, Atmos. Environ. 39 (2005) 7768.



	Determination of methylamines and trimethylamine-N-oxide in particulate matter by non-suppressed ion chromatography
	Introduction
	Experimental
	Materials and chemicals
	Chromatography
	Preparation of standard and sample solutions

	Results and discussion
	Standard separation
	Lab sample determination

	Conclusion
	Acknowledgments
	References


